The detection of cable corrosion is of great significance to the evaluation of cable safety performance. Based on the principle of spontaneous magnetic flux leakage (SMFL), a new method for predicting the corrosion width of cables is proposed. In this paper, in order to quantify the width of corrosion, the parameter about intersecting point distance between curves of magnetic flux component of x direction at different lift off heights (D x ) is proposed by establishing the theoretical model of the magnetic dipole of the rectangular corrosion defect. The MATLAB software was used to analyze the influencing factors of D x . The results indicate that there exists an obvious linear relationship between the D x and the y (lift off height), and the D x -y curves converge to near the true corrosion width when y = 0. The 1/4 and 3/4 quantiles of the D x -y image were used for linear fitting, which the intercept of the fitting equation was used to represent the predicted corrosion width. After the experimental study on the corrosion width detection for the parallel steel wire and steel strand, it is found that this method can effectively improve the detection accuracy, which plays an important role in cable safety assessment.
Introduction
As the main stressed components of cable-stayed bridges and suspension bridges, cables play an important role in the whole bridge system [1] . After the cable sheath is damaged, the cable will corrode under long-term action, which will affect the bearing capacity of the cable and the overall safety of the bridge. Therefore, the corrosion detection of the cable is very important [2] .
At present, corrosion detection methods are divided into damage methods, semi-damage methods and non-destructive methods [3] . As the important structure of the bridge, the damage of protective layer will affect its bearing capacity and durability, so non-destructive methods should be given priority. The common methods of non-destructive corrosion detection include X-ray detection [4] , acoustic emission detection (AE) [5] [6] [7] , magnetic particle detection [8] , eddy current detection [9] [10] [11] , magnetic flux leakage detection (MFL) [12] [13] [14] , etc. All of these methods can be effective to some extent in the detection of rust, but they all have shortcomings. X-ray detection is inefficient, expensive and easy to cause radiation pollution. The magnetic particle detection and eddy current testing can only be used to detect defects on or near the surface of ferromagnetic materials. The accuracy of AE detection for defect size boundary is not enough. The MFL detection requires saturation magnetization of components, which makes the equipment more complex, and the detection speed is slower. The corrosion of the cable occurs on the internal parallel wire strands or steel strands. With the corrosion defects hidden under the thick PE sheath, it is difficult to make the accurate evaluation by conventional methods.
The principle of spontaneous magnetic flux leakage (SMFL) can be mainly expressed that ferromagnetic materials will be magnetized in the geomagnetic field for a long time. Corrosion of ferromagnetic materials will result in discontinuity of the surface of the material, which also leads to the mutation of magnetic permeability and the distortion of magnetic field lines. Macroscopically, it is reflected as the magnetic leakage phenomenon at the defect. The law shows that the magnetic induction intensity component of SMFL along the length direction of the component appears the extreme value, while the component in the direction of lift off height crosses the zero point [15] . Compared with traditional non-destructive testing methods, the SMFL detection has the following advantages [16, 17] :
• Because SMFL detection does not rely on external magnetic field excitation, only a high-precision magnetic field probe can ensure faster detection speed.
•
The SMFL field can penetrate the protective layer, so the detection signals can be obtained outside the protective layer. It is a non-destructive method that can detect hidden defects.
The SMFL magnetic signal has a specific response to the size of the corrosion defect, and the parameters of corrosion defects can be quantified by it.
In two-dimensional space, the defects caused by corrosion can be described by corrosion depth and corrosion width, which are important indicators affecting the bearing capacity of the structure. In view of the problem of size detection of corrosion defects, many experts have conducted a certain degree of research. Xia [17] studied the correlation between the corrosion depth of cables and the peak signal of SMFL field. Grinzato [18] used infrared thermal imaging technology on the shapes of the defect detection of the actual boiler. Zhang [16] analyzed the correlation between the SMFL and corrosion characteristics. Zhang [19] quantitatively analyzed the relationship between crosssection loss of cable and magnetic signal by establishing a finite element model. Bacchelli [20] studied the reconstruction of the damaged profile of a thin metallic plate, which is possible by measuring an electrostatic current properly induced by a potential in an accessible part of the boundary. Han [21] estimated the location, shape and size of the corrosion area by analyzing the surface temperature distribution of the sample. Caleyo [22] proposed a new Bayesian method to analyze the external corrosion data of underground non-gas pipelines, which allows the statistical distribution of the density and size of external corrosion defects to be estimated based on the corrosion data samples collected from the excavation site along the pipeline being inspected. Satyarnarayan [23] studied the nondispersive propagation of ultrasonic guided wave high-order mode cluster (HOMC) along the circumference of a hollow cylinder and its interaction with defects of different sizes in the supporting area of the pipe. Snarskii [24] uses a three-dimensional integral equation to describe the MFL field, which can be used to calculate the MFL field for a given defect shape. Liu [25] studied the circumferential excitation method by using the linear magnetic dipole model, and established the detection model of the axial crack in the pipeline, which the non-uniform magnetic leakage field generated by the circumferential surface excitation can effectively detect the depth and width characteristics of the narrow axial crack in the pipeline.
In this paper, combined with the magnetic dipole model and numerical analysis, the principle of SMFL was used to put forward a parameter about intersecting point distance between curves of magnetic flux component of x direction at different lift off heights (D x ) and the sensitivity analysis was carried out. According to the analysis results of D x -y curves, a method for detecting the corrosion area was proposed. At last, the corrosion detection test was carried out on the parallel wire strands and steel strands, where the test results were verified, and errors were analyzed by using this method.
Materials and Methods

Theoretical Model
In the rectangular corrosion defect model, the corrosion width and depth are 2b and h, and the lift off height is y. Under the action of geomagnetic field, the magnetization of ferromagnetic materials after they are magnetized is M, which can be expressed as a function of x and y. The magnetic charge density (ρ) represents the density of magnetization intensity at any point inside the material, so it can be expressed as:
For the slender bar, the direction of magnetization is mainly along the length direction, while the other directions can be considered as a constant, because of its small size. Therefore, it can be considered that the ρ of the same size and opposite polarities are produced on the wall of the defect, but its linear at the bottom [15] , as shown in Figure 1 . The ρ can be expressed as a piecewise function as follows:
(2) Figure 1 . The calculated diagram of magnetic dipole model with the rectangular defect. X: the length direction of ferromagnetic material; b: the half of corrosion width; h: the corrosion depth; ρmax: the magnitude of magnetic charges on both sides of the defect, and the plus and minus symbols represent the plus and minus of magnetic charges; the distribution of magnetic charges at the bottom of the defect is shown in the red circle, which is linearly distributed along the x direction; y: the lift off height.
Based on the vector superposition and integral operation, we can get the magnetic field strength along the length of the bar (Hx) as follows: The calculated diagram of magnetic dipole model with the rectangular defect. X: the length direction of ferromagnetic material; b: the half of corrosion width; h: the corrosion depth; ρ max : the magnitude of magnetic charges on both sides of the defect, and the plus and minus symbols represent the plus and minus of magnetic charges; the distribution of magnetic charges at the bottom of the defect is shown in the red circle, which is linearly distributed along the x direction; y: the lift off height.
Based on the vector superposition and integral operation, we can get the magnetic field strength along the length of the bar (H x ) as follows:
In Equation (4), the magnetic charge density ρ max is the product term. Because ρ max is not a function of x and y, it can only enlarge and reduce H x and cannot change the distribution law of H x . However, the terms within square brackets directly determine the shape of H x curve. In order to obtain the SMFL field distribution of rectangular defects, the defect width b, the depth h and ρ max /µ 0 were Materials 2019, 12, 2154 4 of 22 assumed to be 4 cm, 2 cm and 1. Along the x-axis, from −10.0 to 10.0 cm, and the lift off value y from 1 cm to 8 cm, the H x was calculated, as shown in Figure 2 , after normalization. The parameters of the calculation are shown in Table A2 .
In Equation (4), the magnetic charge density ρmax is the product term. Because ρmax is not a function of x and y, it can only enlarge and reduce Hx and cannot change the distribution law of Hx. However, the terms within square brackets directly determine the shape of Hx curve. In order to obtain the SMFL field distribution of rectangular defects, the defect width b, the depth h and m ax 0 / ρ μ were assumed to be 4 cm, 2 cm and 1. Along the x-axis, from −10.0 to 10.0 cm, and the lift off value y from 1 cm to 8 cm, the Hx was calculated, as shown in Figure 2 , after normalization. The parameters of the calculation are shown in Table B1 . As for Figure 2 , two intersections can be formed for each of the two curves with different y, and the two intersections are symmetrical to the center of the corrosion area. Through magnification observation, these intersection points are distributed discreetly at the boundary of the corrosion area, and the location of the intersection points deviates from the corrosion boundary with the increase of y. Therefore, the relationship between the distribution of these intersections and the boundary of the corrosion region is analyzed. The existence condition of the intersection point is shown below.
where the y1 and the y2 are two different lift off heights.
Model Analysis
In order to describe more directly the relationship between the intersection point and the corrosion boundary, a parameter
is introduced here, which is defined as the distance between the two intersection points generated by the Hx curves at different y, as shown in Figure 3 . The normalized magnetic field intensity signal of the theoretical model of the rectangular defect. X: the coordinate of length direction of the ferromagnetic material with the center of corrosion defect as the origin; H x /H xmax : the ratio of the magnetic field intensity to its maximum value; b: the half of corrosion width of the defect; y: the lift off height.
As for Figure 2 , two intersections can be formed for each of the two curves with different y, and the two intersections are symmetrical to the center of the corrosion area. Through magnification observation, these intersection points are distributed discreetly at the boundary of the corrosion area, and the location of the intersection points deviates from the corrosion boundary with the increase of y. Therefore, the relationship between the distribution of these intersections and the boundary of the corrosion region is analyzed. The existence condition of the intersection point is shown below.
where the y 1 and the y 2 are two different lift off heights.
In order to describe more directly the relationship between the intersection point and the corrosion boundary, a parameter D x = |x 1 − x 2 | is introduced here, which is defined as the distance between the two intersection points generated by the H x curves at different y, as shown in Figure 3 .
Since D x comes from Equation (5), it is a function of the four parameters of b, h, y 1 and y 2 , which is expressed as D x = f (b, h, y 1 , y 2 ). Equation (5) is solved numerically with MATLAB software. The value of x is recorded when the convergence condition is satisfied. The convergence condition of the numerical calculation is:
where the e is the accuracy of convergence, which the value is set as 0.01. On the premise of ensuring y 1 > y 2 , the range of values of y 1 and y 2 and the step length of value are set as 0 cm to 10 cm and 0.1 cm, which the other parameters b and h are set as 1 cm and 2 cm. After calculation, a 3D figure of D x -y 1 -y 2 is drawn, as shown in Figure 4 . The parameters of the calculation are shown in Table A3 . Since Dx comes from Equation (5), it is a function of the four parameters of b, h, y1 and y2, which is expressed as Dx = f (b, h, y1, y2). Equation (5) is solved numerically with MATLAB software. The value of x is recorded when the convergence condition is satisfied. The convergence condition of the numerical calculation is:
where the e is the accuracy of convergence, which the value is set as 0.01. On the premise of ensuring y1 > y2, the range of values of y1 and y2 and the step length of value are set as 0 cm to 10 cm and 0.1 cm, which the other parameters b and h are set as 1 cm and 2 cm. After calculation, a 3D figure of Dxy1-y2 is drawn, as shown in Figure 4 . The parameters of the calculation are shown in Table B2 . As shown in Figure 4 , the value of Dx tends to increase with the increase of y1 and y2. Then, the value of Dx at this time is exactly equal to 2 cm (the corrosion width) when the y1 and y2 approach to Since Dx comes from Equation (5), it is a function of the four parameters of b, h, y1 and y2, which is expressed as Dx = f (b, h, y1, y2). Equation (5) is solved numerically with MATLAB software. The value of x is recorded when the convergence condition is satisfied. The convergence condition of the numerical calculation is:
where the e is the accuracy of convergence, which the value is set as 0.01. On the premise of ensuring y1 > y2, the range of values of y1 and y2 and the step length of value are set as 0 cm to 10 cm and 0.1 cm, which the other parameters b and h are set as 1 cm and 2 cm. After calculation, a 3D figure of Dxy1-y2 is drawn, as shown in Figure 4 . The parameters of the calculation are shown in Table B2 . As shown in Figure 4 , the value of Dx tends to increase with the increase of y1 and y2. Then, the value of Dx at this time is exactly equal to 2 cm (the corrosion width) when the y1 and y2 approach to As shown in Figure 4 , the value of D x tends to increase with the increase of y 1 and y 2 . Then, the value of D x at this time is exactly equal to 2 cm (the corrosion width) when the y 1 and y 2 approach to 0 cm at the same time. With the y 1 remaining unchanged and y 2 increasing gradually, the D x decreases to a certain extent. However, a blank area (circled by the red line) will appear in the figure, which means that D x has no solution at this time. The reason for this phenomenon is that the value of convergence precision is too small so as to cause that the value of x cannot satisfy the Equation (6) . From the above analysis, it can be found that the value of D x is affected by the difference between y 1 and y 2 . Therefore, D y is defined as y 2 − y 1 , and y 1 is redefined as y, then D x = f (b, h, y, D y ). In order to further obtain the distribution law of D x , the four parameters were separately studied here. The values of b and h are set as 1 cm to 6 cm and 2 cm, and the partial results are shown in Figure 5 . All of the parameters of calculation are shown in Table A4 . For different values of b, the distribution of D x -y 1 -y 2 images are basically the same. With the increase of the b, the number of unsolved points in the image decreases obviously. The reason for this phenomenon is that the H x(y = y i ) in Equation (6) increases with the b increasing, which indirectly reduce the convergence condition. In order to ensure that the data has a solution, the value of D y set as 0.1 cm for analysis, as shown in Figure 6 .
means that Dx has no solution at this time. The reason for this phenomenon is that the value of convergence precision is too small so as to cause that the value of x cannot satisfy the Equation (6) . From the above analysis, it can be found that the value of Dx is affected by the difference between y1 and y2. Therefore, Dy is defined as y2 − y1, and y1 is redefined as y, then Dx = f (b, h, y, Dy). In order to further obtain the distribution law of Dx, the four parameters were separately studied here.
Influence of Parameters b and h on Dx
The values of b and h are set as 1 cm to 6 cm and 2 cm, and the partial results are shown in Figure  5 . All of the parameters of calculation are shown in Table B3 . For different values of b, the distribution of Dx-y1-y2 images are basically the same. With the increase of the b, the number of unsolved points in the image decreases obviously. The reason for this phenomenon is that the ( ) = i x y y H in Equation (6) increases with the b increasing, which indirectly reduce the convergence condition. In order to ensure that the data has a solution, the value of Dy set as 0.1 cm for analysis, as shown in Figure 6 . The image of the Figure 6 reflects the relationship between Dx and y under different corrosion widths. The Dx-y curves reflect the fact that the Dx finally converges to 2b in all cases with the y approaching to 0. Moreover, the Dx-y curves gradually flatten with the decrease of the y, and this phenomenon becomes more and more obvious with the increase of the b. At the same time, the Dx-y curves increase linearly with the increase of the y, which remain parallel.
Further, the Dx-b curves are drawn when the value of y is set as 1 cm to 6 cm, as shown in Figure  7 . This image reflects the change of the Dx with respect to the b. The curves show a same rule that the Dx increases with the increase of the b, which show a linear relationship. At the same time, the growth rate, namely the slope of the curves, decreases slowly with the increase of the y, but the overall situation is basically similar. The above phenomenon indicates that the parameter Dx has a good positive linear correlation with the b. Moreover, the figure also reflects the error that the Dx is used to estimate 2b (the corrosion width). Particularly, the analysis is carried out when the value of the b is 3 cm. Ideally, the error is zero when Dx is equal to 2b = 6 cm. It can be seen from the figure that the larger the y is, the farther the value of Dx (marked by the red dotted line) deviates from the true value, and the larger the error will be. The slope of the curve is close to 2 with the value of the y set as 1 cm, that is, Dx is approximately 2b, which indicates that the smaller the y is, the more favorable it is for Dx to speculate the corrosion width. The image of the Figure 6 reflects the relationship between D x and y under different corrosion widths. The D x -y curves reflect the fact that the D x finally converges to 2b in all cases with the y approaching to 0. Moreover, the D x -y curves gradually flatten with the decrease of the y, and this phenomenon becomes more and more obvious with the increase of the b. At the same time, the D x -y curves increase linearly with the increase of the y, which remain parallel.
Further, the D x -b curves are drawn when the value of y is set as 1 cm to 6 cm, as shown in Figure 7 . This image reflects the change of the D x with respect to the b. The curves show a same rule that the D x increases with the increase of the b, which show a linear relationship. At the same time, the growth rate, namely the slope of the curves, decreases slowly with the increase of the y, but the overall situation is basically similar. The above phenomenon indicates that the parameter D x has a good positive linear correlation with the b. Moreover, the figure also reflects the error that the D x is used to estimate 2b (the corrosion width). Particularly, the analysis is carried out when the value of the b is 3 cm. Ideally, the error is zero when D x is equal to 2b = 6 cm. It can be seen from the figure that the larger the y is, the farther the value of D x (marked by the red dotted line) deviates from the true value, and the larger the error will be. The slope of the curve is close to 2 with the value of the y set as 1 cm, that is, D x is approximately 2b, which indicates that the smaller the y is, the more favorable it is for D x to speculate the corrosion width. The relationship between Dx and h were analyzed for b = 4 cm, and h = 1 cm to 6 cm, and partial results are shown in Figure 8 . All of the parameters of calculation are shown in Table B4 . Figure 8 reflects the relationship between Dx with different lift off heights. It can be seen from the image that for the different h, the overall trend of Dx is basically the same. As the same with the Figure 5 , the whole curves show a same trend of divergence with the increase of y1 and y2, but they all converge to the same value with the decrease of y1 and y2. In the same processing method, the results of twodimensional data are shown in Figure 9 . The relationship between D x and h were analyzed for b = 4 cm, and h = 1 cm to 6 cm, and partial results are shown in Figure 8 . All of the parameters of calculation are shown in Table A5 . Figure 8 reflects the relationship between D x with different lift off heights. It can be seen from the image that for the different h, the overall trend of D x is basically the same. As the same with the Figure 5 , the whole curves show a same trend of divergence with the increase of y 1 and y 2 , but they all converge to the same value with the decrease of y 1 and y 2 . In the same processing method, the results of two-dimensional data are shown in Figure 9 . The image of Figure 9 reflects the relationship between Dx and y under different h. In Figure 9 , Dx converges to the 2b with the y decreasing. However, for different h, the trend of convergence is not consistent. With the h decreasing, the Dx-y curves present a trend of decreasing first, then increasing, and finally converge to the true value. However, with the h increasing, the Dx-y curves are close to a straight line. In order to more intuitively obtain the relationship between Dx and h, the The image of Figure 9 reflects the relationship between Dx and y under different h. In Figure 9 , Dx converges to the 2b with the y decreasing. However, for different h, the trend of convergence is not consistent. With the h decreasing, the Dx-y curves present a trend of decreasing first, then increasing, and finally converge to the true value. However, with the h increasing, the Dx-y curves are close to a straight line. In order to more intuitively obtain the relationship between Dx and h, the data in Figure 9 is extracted here to obtain the Dx-h curves, as shown in Figure 10 . Figure 10 , the Dx increases slowly with the increase of h, basically close to a trend of linear increase. Moreover, the value of Dx increase more quickly with the y increasing, which can be reflected from the curves for the change of the slope. The slope close to 0 when y = 1 cm, and the corrosion depth has less effect on the Dx and more advantage to detection when y is little. The image of Figure 9 reflects the relationship between D x and y under different h. In Figure 9 , D x converges to the 2b with the y decreasing. However, for different h, the trend of convergence is not consistent. With the h decreasing, the D x -y curves present a trend of decreasing first, then increasing, and finally converge to the true value. However, with the h increasing, the D x -y curves are close to a straight line. In order to more intuitively obtain the relationship between D x and h, the data in Figure 9 is extracted here to obtain the D x -h curves, as shown in Figure 10 . 
Influence of Parameters y and Dy on Dx
The y and Dy are parameters for the lift off heights and subjective factors affecting Dx, which can be controlled artificially in the detection process. However, in practice, there exist two reasons to limit the lift off height. The one is that a certain distance between the cable body and the PE jacket surface, and the other one is the limit due to the detector's own structure such as sensor shell and so on. In order to further obtain an obvious rule, the corrosion parameters b = 1 cm and h = 3 cm are taken as constants to study, and the Dx-y curves under different Dy working conditions are drawn, as shown in Figure 11 . Figure 10 , the D x increases slowly with the increase of h, basically close to a trend of linear increase. Moreover, the value of D x increase more quickly with the y increasing, which can be reflected from the curves for the change of the slope. The slope close to 0 when y = 1 cm, and the corrosion depth has less effect on the D x and more advantage to detection when y is little. The y and D y are parameters for the lift off heights and subjective factors affecting D x , which can be controlled artificially in the detection process. However, in practice, there exist two reasons to limit the lift off height. The one is that a certain distance between the cable body and the PE jacket surface, and the other one is the limit due to the detector's own structure such as sensor shell and so on. In order to further obtain an obvious rule, the corrosion parameters b = 1 cm and h = 3 cm are taken as constants to study, and the D x -y curves under different D y working conditions are drawn, as shown in Figure 11 . 
The y and Dy are parameters for the lift off heights and subjective factors affecting Dx, which can be controlled artificially in the detection process. However, in practice, there exist two reasons to limit the lift off height. The one is that a certain distance between the cable body and the PE jacket surface, and the other one is the limit due to the detector's own structure such as sensor shell and so on. In order to further obtain an obvious rule, the corrosion parameters b = 1 cm and h = 3 cm are taken as constants to study, and the Dx-y curves under different Dy working conditions are drawn, as shown in Figure 11 . Figure 11 reflects the change rule of Dx with y from 1 cm to 10 cm. In Figure 11 , Dx increases linearly with the increase of the y. It further indicates that the deviation of the Dx from the correct corrosion width will increase with the increase of the y, and the deviation degree is distributed linearly. For different values of Dy, the slopes of the curves are basically the same, which indicates that the influence of the y on Dx is basically the same. In other words, the influence of y on Dx is stable. Moreover, with the Dy increasing, the number of data points decreases, because of the definition of the Dy. When y = 1, it can be found that the Dx-y curves tend to be close to the true corrosion width. Figure 11 , D x increases linearly with the increase of the y. It further indicates that the deviation of the D x from the correct corrosion width will increase with the increase of the y, and the deviation degree is distributed linearly. For different values of D y , the slopes of the curves are basically the same, which indicates that the influence of the y on D x is basically the same. In other words, the influence of y on D x is stable. Moreover, with the D y increasing, the number of data points decreases, because of the definition of the D y . When y = 1, it can be found that the D x -y curves tend to be close to the true corrosion width. However, with the decreasing of the y to 0 (the dotted red line), the upper limit of D x is greater than the true corrosion width, while the lower limit is less than it.
In Figure 11 , the D y has no effect on the slope of D x -y curves, but it will affect the position of the curves. Therefore, in order to illustrate the influence of D y on D x , the data in Figure 11 are also processed to obtain the D x -D y curves, as shown in Figure 12 . In this figure, the D x increases linearly with the increase of the D y , but the slopes of curves are little, which indicates that the D y has little influence on D x . At the same time, for different elevations of y, the D x -D y curves are essentially the same, and it indicates that the laws of D x and D y are also stable.
the true corrosion width, while the lower limit is less than it.
In Figure 11 , the Dy has no effect on the slope of Dx-y curves, but it will affect the position of the curves. Therefore, in order to illustrate the influence of Dy on Dx, the data in Figure 11 
Detection Method
Based on the analysis of the influence of four parameters of b, h, y and Dy on Dx, it is found that Dx maintains a high linear relationship with y under the same b and h. Therefore, in theory, the value of the Dx when y = 0 can be predicted by linear fitting as the predicted value of the corrosion width. Because the b and h are parameters that we need to test and cannot be determined in advance, they are not taken into consideration when the method is proposed. However, through the previous analysis, the Dx-y curves present a similar rule in the different b and h, so the method of predicting the corrosion width through the Dx-y curves is also applicable to each corrosion condition. The method flow is shown in Figure 13 . Before linear fitting, all data in Figure 11 should be processed and drawn into the box plot, as shown in Figure 14a . The values of the 1/4 and 3/4 quantiles of each box should be taken as the final fitting data to obtain a range of predicted values. The reason for adopting this method is that the Dxy curves do not maintain linear rules, but gentle trends when the value of y is small, as shown in 
Based on the analysis of the influence of four parameters of b, h, y and D y on D x , it is found that D x maintains a high linear relationship with y under the same b and h. Therefore, in theory, the value of the D x when y = 0 can be predicted by linear fitting as the predicted value of the corrosion width. Because the b and h are parameters that we need to test and cannot be determined in advance, they are not taken into consideration when the method is proposed. However, through the previous analysis, the D x -y curves present a similar rule in the different b and h, so the method of predicting the corrosion width through the D x -y curves is also applicable to each corrosion condition. The method flow is shown in Figure 13 .
Based on the analysis of the influence of four parameters of b, h, y and Dy on Dx, it is found that Dx maintains a high linear relationship with y under the same b and h. Therefore, in theory, the value of the Dx when y = 0 can be predicted by linear fitting as the predicted value of the corrosion width. Because the b and h are parameters that we need to test and cannot be determined in advance, they are not taken into consideration when the method is proposed. However, through the previous analysis, the Dx-y curves present a similar rule in the different b and h, so the method of predicting the corrosion width through the Dx-y curves is also applicable to each corrosion condition. The method flow is shown in Figure 13 . Before linear fitting, all data in Figure 11 should be processed and drawn into the box plot, as shown in Figure 14a . The values of the 1/4 and 3/4 quantiles of each box should be taken as the final fitting data to obtain a range of predicted values. The reason for adopting this method is that the Dxy curves do not maintain linear rules, but gentle trends when the value of y is small, as shown in Before linear fitting, all data in Figure 11 should be processed and drawn into the box plot, as shown in Figure 14a . The values of the 1/4 and 3/4 quantiles of each box should be taken as the final fitting data to obtain a range of predicted values. The reason for adopting this method is that the D x -y curves do not maintain linear rules, but gentle trends when the value of y is small, as shown in Figures 6 and 9 . If only the D x-y curves with the smallest D y is taken as fitting data, the predicted values are often smaller than the actual corrosion width. Therefore, the data under multiple values of D y are integrated together to draw a box diagram, and the influence factors of D y on D x are also taken into account. Moreover, 1/4 and 3/4 quantiles were adopted to eliminate the influence of overlarge or too small data on the results, further narrowing the prediction range. The optimal R 2 was adopted as the fitting standard. In Figure 14b , the R 2 was approximately close to 1, which indicates that the fitting effect was the best. Figures 6 and 9. If only the Dx-y curves with the smallest Dy is taken as fitting data, the predicted values are often smaller than the actual corrosion width. Therefore, the data under multiple values of Dy are integrated together to draw a box diagram, and the influence factors of Dy on Dx are also taken into account. Moreover, 1/4 and 3/4 quantiles were adopted to eliminate the influence of overlarge or too small data on the results, further narrowing the prediction range. The optimal R 2 was adopted as the fitting standard. In Figure 14b , the R 2 was approximately close to 1, which indicates that the fitting effect was the best. The predicted results and errors are shown in Table 1 . Finally, the value interval of Dx is the value of the linear fitting curve of 1/4 and 3/4 quantiles when y = 0. Under the corrosion conditions of this model (2b = 2 cm, h = 1 cm), the value range of Dx is 1.58 cm to 2.80 cm, and the maximum deviation is 40%. Compared with the Dx = 5.18 cm when y = 3 cm and Dy = 0.1 cm, the accuracy is improved by at least 119%. Because the distance between the ferromagnetic material inside the cable and the sensor chip, including the thickness of PE sheath and sensor shell is generally about 3 cm, the values of Dx when y = 3 cm are adopted for comparison. Hence, the result will greatly deviate from the true corrosion width if it is directly used as the detection result without adopting this method to predict the corrosion width. Through the analysis of the model, the relationship between Dx and each parameter is obtained, and a method to improve the precision is summarized. The greatest value of this method is that it can predict the range of corrosion length and improve the detection accuracy when the minimum lifting height is limited, especially for the hidden engineering such as cable member with PE sheath. Therefore, the corrosion detection experiment of unit members of cables (steel strand and parallel wire strand) as samples was carried out to verify the feasibility of this method. The predicted results and errors are shown in Table 1 . Finally, the value interval of D x is the value of the linear fitting curve of 1/4 and 3/4 quantiles when y = 0. Under the corrosion conditions of this model (2b = 2 cm, h = 1 cm), the value range of D x is 1.58 cm to 2.80 cm, and the maximum deviation is 40%. Compared with the D x = 5.18 cm when y = 3 cm and D y = 0.1 cm, the accuracy is improved by at least 119%. Because the distance between the ferromagnetic material inside the cable and the sensor chip, including the thickness of PE sheath and sensor shell is generally about 3 cm, the values of D x when y = 3 cm are adopted for comparison. Hence, the result will greatly deviate from the true corrosion width if it is directly used as the detection result without adopting this method to predict the corrosion width. Through the analysis of the model, the relationship between D x and each parameter is obtained, and a method to improve the precision is summarized. The greatest value of this method is that it can predict the range of corrosion length and improve the detection accuracy when the minimum lifting height is limited, especially for the hidden engineering such as cable member with PE sheath. Therefore, the corrosion detection experiment of unit members of cables (steel strand and parallel wire strand) as samples was carried out to verify the feasibility of this method.
Results and Discussion
Experiment
Parallel wire strands and steel strands were used as specimens. The parallel wire strands were made of 7 and 19 galvanized steel wires with a length of 1.5 m, denoted as P1 and P2, respectively. The steel wire strands were corroded locally, that is, the corrosion only starts from one side of the steel wire strand section, which the corrosion width was controlled to be 4 cm. The steel strand was denoted as S1 with the length of 1 m, and the overall uniform corrosion is adopted, that is, the steel strand was corroded from the outside to the inside along the entire section, which the corrosion width is controlled as 8 cm. The parameters of the experimental specimens are shown in Table 2 . The experiment was divided into two steps. The first step was the corrosion of specimens, and the second step was the collection of the SMFL signal.
The corrosion was carried out by the electrochemical accelerated corrosion system developed independently. The corrosion system is mainly composed of the constant-current device, 5%NaCl solution, water absorbent towel and carbon rod, as shown in Figure 15a . The positive pole of the current source is connected to the one end of the specimen, and the negative pole is connected to the carbon rod and placed in the NaCl solution. The current flows out from the positive pole through the current source, passing through the specimen, the towel, the NaCl solution, the carbon rod and return to the negative pole, which forms a loop. After being soaked in NaCl solution in advance, the current of the absorbent towel can produce a large amount of heat at the contact surface of the towel and the specimen through electrochemical corrosion reaction. At the same time, with the consumption of water, it will be automatically replenished by the absorbent towel to form an automatic corrosion reaction. Therefore, as long as the current exists, electrochemical corrosion will not stop.
According to Faraday's law of electrolysis, so it can be expressed as:
where the M, k, I, t is the mass lost by the metal due to corrosion, the proportionality constant, the current intensity and the electrification time, respectively. In the experiment, the control corrosion current was set as 0.5 A, and the width of corrosion was determined by the contact width between the absorbent towel and the specimen. The corrosion time was set according to Equation (7), as shown in Table 3 . In order to study the detection of corrosion width in this paper, it is necessary to control the consistent corrosion depth of P1 and P2 in each corrosion stage in the experiment. Due to the limitation of cross sections of P1 and P2, when binding the absorbent towel, there are only two wires at the contact between P1 and the absorbent towel, while three wires at the contact between P2 and the absorbent towel. Therefore, only when the power on time is also 2:3 can the corrosion depth of P1 and P2 be consistent. The system of corrosion in situ and corrosion marks is shown in Figure 15b . The defects after corrosion of the specimens are shown in Figure 15c . Among them, P1 and P2 adopted localized corrosion, and S1 adopted uniform corrosion, which the corroded sections observed from a two-dimensional angle were close to the rectangular section. The collection of magnetic signals is mainly completed by the three-dimensional magnetic signal scanning device. The scanning system is mainly composed of three axis transmission device, magnetic signal sensor, serial port server and computer, as shown in Figure 16a . The transmission device is driven by three motors and can provide three mutually perpendicular scanning paths and record the current position of the magnetic sensor. The device's magnetic signal sensor is the Honeywell HMR2300 three-dimensional magnetic flux leakage signal collector, which is a giant magneto-resistance sensor with a range of ±2 gauss and a resolution of about 70 micro-gauss. The length, width and height of the sensor is 8.2 cm, 3.6 cm and 2.5 cm respectively. Because the relation between flux density and magnetic field intensity is satisfied: The collection of magnetic signals is mainly completed by the three-dimensional magnetic signal scanning device. The scanning system is mainly composed of three axis transmission device, magnetic signal sensor, serial port server and computer, as shown in Figure 16a . The transmission device is driven by three motors and can provide three mutually perpendicular scanning paths and record the current position of the magnetic sensor. The device's magnetic signal sensor is the Honeywell HMR2300 three-dimensional magnetic flux leakage signal collector, which is a giant magneto-resistance sensor with a range of ±2 gauss and a resolution of about 70 micro-gauss. The length, width and height of the sensor is 8.2 cm, 3.6 cm and 2.5 cm respectively. Because the relation between flux density and magnetic field intensity is satisfied:
where the µ 0 (the permeability of vacuum) is the constant, so the change rules of the B x (flux density) and H x are consistent. Therefore, the B x can be used as SMFL magnetic signal for analysis in the experiment. Finally, the magnetic flux density data obtained is transmitted back to the PC through the serial port server then received and processed by the software developed by our team. The actual scanning situation of the sample is shown in Figure 16b . The direction along the length of the specimen was considered as the X-axis, which the magnetic signal component in this direction was considered as B x . The scanning path was set along the x direction and repeated along different y. The scanning length of P1, P2 and S1 was set as 80 cm, 80 cm and 40 cm. The y of P1, P2 and S1 was set as 1 cm to 6 cm respectively, which the spacing was set as 1 cm, as shown in Figure 16c . and Hx are consistent. Therefore, the Bx can be used as SMFL magnetic signal for analysis in the experiment. Finally, the magnetic flux density data obtained is transmitted back to the PC through the serial port server then received and processed by the software developed by our team. The actual scanning situation of the sample is shown in Figure 16b . The direction along the length of the specimen was considered as the X-axis, which the magnetic signal component in this direction was considered as Bx. The scanning path was set along the x direction and repeated along different y. The scanning length of P1, P2 and S1 was set as 80 cm, 80 cm and 40 cm. The y of P1, P2 and S1 was set as 1 cm to 6 cm respectively, which the spacing was set as 1 cm, as shown in Figure 16c . 
Magnetic Signal Acquisition Results and Discussion
SMFL magnetic signal data of samples P1, P2 and S1 under all corrosion conditions were collected, and the signal components Bx along the length of the specimen were extracted. Now three corrosion stages selected for P1, P2 and S1 were described respectively. The relation between the Bx and the coordinate x is shown in Figure 17a -c. The other corrosion stages of relation between the Bx and the coordinate x of P1, P2 and S1 are shown in Figures A1-A3 , respectively. 
SMFL magnetic signal data of samples P1, P2 and S1 under all corrosion conditions were collected, and the signal components B x along the length of the specimen were extracted. Now three corrosion stages selected for P1, P2 and S1 were described respectively. The relation between the B x and the coordinate x is shown in Figure 17a -c. The other corrosion stages of relation between the B x and the coordinate x of P1, P2 and S1 are shown in Figures A1-A3 , respectively. In Figure 17 , multiple images are analyzed. All curves show a trend of Bx first decreasing and then increasing with the increase of x, which is the SMFL phenomenon at the defect. At the corrosion stage 1, the Bx curves in the image are almost a straight line near 0. After magnified, the Bx curves at the corrosion center (x = 500 mm for P1 and P2, x = 1450 mm for S1) has different degrees of the downward protrusion. With the increase of corrosion degree, the downward protuberance becomes more and more obvious, and the extreme point becomes larger and larger. Analysis of a single image, with the increase of the y, the law of Bx curves will not change. However, with the increase of the y, the phenomenon of protrusion of Bx curves becomes weak, and the extreme point becomes smaller. After analysis, it is found that the phenomena presented by the above experiments are consistent with the laws obtained from the theoretical model.
In order to more clearly observe the intersection of each curve, the position of the intersection of each curve in each image is enlarged. It can be seen that after a certain degree of corrosion, the intersection of multiple curves is consistent with the situation shown in Figure 2 . For the P1, P2 specimens, in the first corrosion stage, a galvanized layer is applied to the surface of the parallel wire In Figure 17 , multiple images are analyzed. All curves show a trend of B x first decreasing and then increasing with the increase of x, which is the SMFL phenomenon at the defect. At the corrosion stage 1, the B x curves in the image are almost a straight line near 0. After magnified, the B x curves at the corrosion center (x = 500 mm for P1 and P2, x = 1450 mm for S1) has different degrees of the downward protrusion. With the increase of corrosion degree, the downward protuberance becomes more and more obvious, and the extreme point becomes larger and larger. Analysis of a single image, with the increase of the y, the law of B x curves will not change. However, with the increase of the y, the phenomenon of protrusion of B x curves becomes weak, and the extreme point becomes smaller. After analysis, it is found that the phenomena presented by the above experiments are consistent with the laws obtained from the theoretical model.
In order to more clearly observe the intersection of each curve, the position of the intersection of each curve in each image is enlarged. It can be seen that after a certain degree of corrosion, the intersection of multiple curves is consistent with the situation shown in Figure 2 . For the P1, P2 specimens, in the first corrosion stage, a galvanized layer is applied to the surface of the parallel wire as a protective layer, which caused the actual corrosion degree to be far less than the corrosion degree of theory. Hence, the phenomenon of extreme value reflected in the image is not obvious, which leads to the existence of multiple disjoint curves, and it will not be considered in the subsequent analysis. However, as the degree of corrosion increases, the phenomenon that the intersection point does not exist will disappear, and the same phenomenon also exists for the first two corrosion stages of S1, as shown in the enlarged image of corrosion stage 1 in Figure 17 .
Then, further analysis was made to find out the D x values under different corrosion conditions through the method flow in Figure 10 , and the D x -y diagram is drawn, as shown in Figure 18 . Because all data were processed in the same way, only the last corrosion stage of P1, P2 and S1 specimens were selected for detailed descriptions. As can be seen from Figure 18 , with the increase of y, the values of D x show a trend of linear increase with a high degree of linearity. Under all values of D y , the rule between D x and y is the same, which is the same as the result obtained in the theoretical analysis (Figure 9) , further illustrating the correctness of the theoretical model and the prediction of corrosion width by this method. Moreover, by observing each image separately, it can be known that when y is very small, the values of D x are very close to the actual corrosion width (the corrosion width of P1 and P2 is 40 mm; the corrosion width of S1 is 80 mm). as a protective layer, which caused the actual corrosion degree to be far less than the corrosion degree of theory. Hence, the phenomenon of extreme value reflected in the image is not obvious, which leads to the existence of multiple disjoint curves, and it will not be considered in the subsequent analysis. However, as the degree of corrosion increases, the phenomenon that the intersection point does not exist will disappear, and the same phenomenon also exists for the first two corrosion stages of S1, as shown in the enlarged image of corrosion stage 1 in Figure 17 . Then, further analysis was made to find out the Dx values under different corrosion conditions through the method flow in Figure 10 , and the Dx-y diagram is drawn, as shown in Figure 18 . Because all data were processed in the same way, only the last corrosion stage of P1, P2 and S1 specimens were selected for detailed descriptions. As can be seen from Figure 18 , with the increase of y, the values of Dx show a trend of linear increase with a high degree of linearity. Under all values of Dy, the rule between Dx and y is the same, which is the same as the result obtained in the theoretical analysis ( Figure 9 ), further illustrating the correctness of the theoretical model and the prediction of corrosion width by this method. Moreover, by observing each image separately, it can be known that when y is very small, the values of Dx are very close to the actual corrosion width (the corrosion width of P1 and P2 is 40 mm; the corrosion width of S1 is 80 mm). After integrating all the data under the value of Dy, the 1/4 and 3/4 quantiles of the data were fitted linearly. The fitting results are shown in Figure 19 . The black points and dotted lines respectively represent the value of the 1/4 point and the corresponding linear fitting curve, while the red points represent the value of the 3/4 point and the corresponding linear fitting curve. It can be found that the three samples all follow a relatively good linear distribution when fitting, and the values of R 2 all exceed 0.998 The predicted corrosion width in all corrosion stages obtained by fitting was compared with y = 3 cm and the true values, as shown in Table A1 . As can be seen from Table A1 , most of the results are much larger than the true corrosion width when y = 3 cm, while most of the errors between the result obtained by this method and the real value are within 20%. However, for the three specimens in the small corrosion degree, the prediction result is lower than the true values, which can be explained by the rule that is shown in Figure 10 . Meanwhile, the experimental results are consistent with the theoretical analysis results. In order to more intuitively represent the errors of prediction results, the calculation results in Table A1 are drawn into graphs for analysis, as shown in Figure 20 . The predicted corrosion width in all corrosion stages obtained by fitting was compared with y = 3 cm and the true values, as shown in Table A1 . As can be seen from Table A1 , most of the results are much larger than the true corrosion width when y = 3 cm, while most of the errors between the result obtained by this method and the real value are within 20%. However, for the three specimens in the small corrosion degree, the prediction result is lower than the true values, which can be explained by the rule that is shown in Figure 10 . Meanwhile, the experimental results are consistent with the theoretical analysis results. In order to more intuitively represent the errors of prediction results, the calculation results in Table A1 are drawn into graphs for analysis, as shown in Figure 20 .
In Figure 20 , the vertical coordinate represents the predictive values of corrosion width, and the horizontal coordinate represents the corrosion stage. Meanwhile, the fitting results of the 1/4 quantile and the 3/4 quantile, the values of Dx when y = 3 cm and the true corrosion width are represented by the black line, the red line, the blue line and the dotted line respectively. It can be seen from the figure that the predicted value of corrosion width increases slowly with the increase of corrosion degree, which is consistent with the Dx-h image in the theoretical model. At the same time, it can be found that the predicted values obtained by fitting are basically distributed near the true values, and the accuracy is significantly improved compared with the measured value of y = 3 cm. The experimental results show that this method can improve the accuracy of corrosion detection. 
Conclusions
In order to quantitatively study the detection method of corrosion width of cables, the corrosion detection experiment was carried out by numerical analysis of the theoretical model and taking parallel steel wire and steel strand, commonly used materials of cables, as the research object. The following conclusions can be drawn:
1. A two-dimensional magnetic dipole model was established, which considered the continuous distribution of bottom magnetic charge density. By numerical analysis with MATLAB, it was found that the intersection points of Hx curves at different lift off heights were distributed near the boundary of the corrosion region. Then the parameter Dx was put forward as an index to predict the corrosion width. In Figure 20 , the vertical coordinate represents the predictive values of corrosion width, and the horizontal coordinate represents the corrosion stage. Meanwhile, the fitting results of the 1/4 quantile and the 3/4 quantile, the values of D x when y = 3 cm and the true corrosion width are represented by the black line, the red line, the blue line and the dotted line respectively. It can be seen from the figure that the predicted value of corrosion width increases slowly with the increase of corrosion degree, which is consistent with the D x -h image in the theoretical model. At the same time, it can be found that the predicted values obtained by fitting are basically distributed near the true values, and the accuracy is significantly improved compared with the measured value of y = 3 cm. The experimental results show that this method can improve the accuracy of corrosion detection.
1.
A two-dimensional magnetic dipole model was established, which considered the continuous distribution of bottom magnetic charge density. By numerical analysis with MATLAB, it was found that the intersection points of H x curves at different lift off heights were distributed near the boundary of the corrosion region. Then the parameter D x was put forward as an index to predict the corrosion width. x (mm) Figure A3 . The B x curves of S1 under residual corrosion stages. S1: the steel strand; B x : the magnetic flux component of x direction; x: the coordinate along the length of the specimens. Appendix B Table A2 . The parameter list of MATLAB finite element calculation in Figure 2 . Step = 1
The y 1 and y 2 are arbitrarily combined within the range of values, but y 1 is not equal to y 2 . Table A4 . The parameter list of MATLAB finite element calculation in Figure 5 . The b, y 1 , and y 2 are arbitrarily combined within the range of values, but y 1 is not equal to y 2 . Table A5 . The parameter list of MATLAB finite element calculation in Figure 8 . The h, y 1 , and y 2 are arbitrarily combined within the range of values, but y 1 is not equal to y 2 .
